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The PAH1-encoded phosphatidate phosphatase in Saccharo-
myces cerevisiae plays a major role in triacylglycerol synthesis
and the control of phospholipid synthesis. For its catalytic func-
tion on the nuclear/endoplasmic reticulum membrane, Pah1
translocates to the membrane through its phosphorylation/de-
phosphorylation. Pah1 phosphorylation on multiple serine/
threonine residues is complex and catalyzed by diverse protein
kinases. In this work, we demonstrate that Pah1 is phosphory-
lated by the YCK1-encoded casein kinase I (CKI), regulating
Pah1 catalytic activity and phosphorylation. Phosphoamino
acid analysis coupled with phosphopeptide mapping of the CKI-
phosphorylated Pah1 indicated that it is phosphorylated mainly
on multiple serine residues. Using site-directed mutagenesis
and phosphorylation analysis of Pah1, we identified eight serine
residues (i.e. Ser-114, Ser-475, Ser-511, Ser-602, Ser-677, Ser-
705, Ser-748, and Ser-774) as the target sites of CKI. Of these
residues, Ser-475 and Ser-511 were specific for CKI, whereas the
others were shared by casein kinase II (Ser-705), Cdc28 – cyclin
B (Ser-602), Pho85–Pho80 (Ser-114, Ser-602, and Ser-748), pro-
tein kinase A (Ser-667 and Ser-774), and protein kinase C (Ser-
677). CKI-mediated phosphorylation of Pah1 stimulated both
its phosphatidate phosphatase activity and its subsequent
phosphorylation by casein kinase II. However, the CKI-medi-
ated phosphorylation of Pah1 strongly inhibited its subsequent
phosphorylation by Pho85–Pho80, protein kinase A, and pro-
tein kinase C. In a reciprocal analysis, Pah1 phosphorylation by
Pho85–Pho80 inhibited subsequent phosphorylation by CKI.
CKI-mediated Pah1 phosphorylation was also inhibited by a
peptide containing the Pah1 residues 506 –517, including the
kinase-specific Ser-511 residue. These findings advance our
understanding of how Pah1 catalytic activity and phosphoryla-
tion are regulated by multiple protein kinases.

In the yeast Saccharomyces cerevisiae, the PAH1-encoded
PAP4, 5 (1), which catalyzes the dephosphorylation of PA to
yield DAG (2), has emerged as one of the most highly-regulated
enzymes in lipid metabolism (3–7). Pah1 PAP activity largely
governs whether cells utilize PA for the synthesis of membrane
phospholipids via the liponucleotide CDP–DAG or for the syn-
thesis of TAG via DAG (Fig. 1A) (3–6, 8). The impact of PAP
activity on lipid metabolism extends beyond regulating the
bifurcation of PA between CDP–DAG and DAG (8). By con-
trolling the levels of PA and its derived lipids (1, 9, 10), the
enzyme has a great influence on the expression of lipid synthe-
sis genes (11, 12), nuclear/ER membrane growth (11), and lipid
droplet formation (13). The PAP activity also impacts vacuole
homeostasis (14), cell wall integrity (15, 16), TORC1-mediated
induction of autophagy (17), growth on nonfermentable carbon
sources (1, 18), susceptibility to fatty acid-induced lipotoxicity
(9), sensitivity to heat (1, 11, 19, 20) and cold (21), and oxidative
stress (22). Notably, cells lacking PAP activity have a shortened
chronological life span (22) and exhibit apoptotic cell death in
the stationary phase (9).

The PAP enzyme is conserved in eukaryotes, including
humans (1, 23), mice (24, 25), flies (26, 27), worms (28), fungi
(29), and plants (30, 31). All PAP enzymes have the haloacid
dehalogenase (HAD)-like domain with a DXDX(T/V) catalytic
motif and the N-LIP domain whose role in enzyme function is
still unclear (Fig. 1B) (1, 18, 24). The critical roles that PAP plays
in humans and mice are characterized by lipid-based syn-
dromes associated with the loss or overexpression of the
enzyme. For example, the deficiency of lipin 1 PAP in humans
and mice causes rhabdomyolysis (32, 33), and its deficiency in
mice is also characterized by hepatic steatosis during the neo-
natal period, lipodystrophy, insulin resistance, and peripheral
neuropathy (24, 34). In contrast, the overexpression of lipin 1
PAP in mice causes an increase in lipogenesis and obesity (35).
Moreover, the mutations of the human LPIN1 gene are associ-
ated with insulin resistance and the metabolic syndrome (36).This work was supported, in whole or in part, by National Institutes of Health

Grant GM050679 from the USPHS. The authors declare that they have no
conflicts of interest with the contents of this article. The content is solely
the responsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

1 Present address: Dept. of Food Science, Tunghai University, Xitun District,
Taichung 40704, Taiwan.

2 Present address: Dept. of Life Science, National Dong Hwa University,
Hualien 97401, Taiwan.

3 To whom correspondence should be addressed: Dept. of Food Science, Rut-
gers University, 61 Dudley Rd., New Brunswick, NJ 08901. Tel.: 848-932-
0267; E-mail: gcarman@rutgers.edu.

4 The abbreviations used are: PAP, phosphatidate phosphatase; CKI, casein
kinase I; CKII, casein kinase II; CDP–DAG, CDP-diacylglycerol; DAG, diacylg-
lycerol; PA, phosphatidate; PKA, protein kinase A; PKC, protein kinase C;
PVDF, polyvinylidene difluoride; TAG, triacylglycerol; TLC, thin-layer chro-
matography; ER, endoplasmic reticulum; TPCK, L-1-tosylamido-2-phenyl-
ethyl chloromethyl ketone; HAD, haloacid dehalogenase.

5 In yeast, the protein product of PAH1 is called Pah1 (1). In mouse and human,
the protein products of their PAP-encoding genes, Lpin1, -2, and -3 and
LPIN1, -2, and -3, respectively, are called lipins 1, 2, and 3 (24).

croARTICLE

18256 J. Biol. Chem. (2019) 294(48) 18256 –18268

© 2019 Hassaninasab et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

 by G
eorge C

arm
an on D

ecem
ber 1, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

https://orcid.org/0000-0001-7555-759X
https://orcid.org/0000-0002-8170-854X
https://orcid.org/0000-0003-4951-8233
mailto:gcarman@rutgers.edu
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA119.011314&domain=pdf&date_stamp=2019-10-23
http://www.jbc.org/


Clearly, the regulation of the PAP expression and its catalytic
activity is crucial for lipid homeostasis and cell physiology (5,
37).

Studies using yeast as a model organism have made great
strides in understanding the mode of action and regulation of
the PAP enzyme (5, 6, 8). Pah1 PAP is regulated by genetic and
biochemicalmechanisms,anditsphosphorylation/dephosphor-
ylation has emerged as a major biochemical regulation required
to control its cellular function (3–6, 8). The posttranslational
modification is essential for the subcellular localization of Pah1
and also affects its catalytic activity and protein stability (38 –
48). Pah1 phosphorylated by Pho85–Pho80 (40) and Cdc28 –
cyclin B (39) is less active due to its sequestration in the cytosol
apart from the substrate PA in the nuclear/ER membrane (Fig.
1A). In addition, Pah1 PAP activity is diminished through its
phosphorylation by the protein kinases at seven sites (Fig. 1B)
distributed at the N and C termini of the protein (39, 40). In
conjunction with Pho85–Pho80 and Cdc28 – cyclin B, PKA
functions to regulate the location and activity of Pah1 through
its phosphorylation at five sites (Fig. 1B) distributed at the
beginning and end of the protein (41). Moreover, Pah1 phos-
phorylated by those protein kinases is protected against its deg-
radation by the 20S proteasome (47, 48). In contrast to its pro-
tection, Pah1 phosphorylated by PKC, which occurs on four
sites at the C terminus (Fig. 1B), is susceptible to the protea-
somal degradation (42). The phosphorylation of Pah1 by CKII,
which occurs on six sites at the N and C termini, prevents its
subsequent phosphorylation by PKA and stimulates its func-
tion in TAG synthesis (43). The regulatory effects of Pah1 phos-
phorylation by PKC (42) and CKII (43) on its stability and func-
tion are shown when it is not prephosphorylated at the seven
sites by Pho85–Pho80/Cdc28 – cyclin B. The phosphorylation
of Pah1 by Pho85–Pho80/Cdc28 – cyclin B exerts an inhibitory
effect on its phosphorylation by PKC (42), but it has no effect on
its phosphorylation by CKII (43). Unlike their effects on Pah1
phosphorylation, PKC (42) and CKII (43) have little effect on its
PAP activity.

The phosphorylated form of Pah1, which is produced by
multiple kinases (Fig. 1B), is dephosphorylated by a single pro-
tein phosphatase that is composed of the Nem1 (catalytic) and
Spo7 (regulatory) subunits (44, 49). The catalytic activity of the
membrane-bound Nem1–Spo7 phosphatase complex serves in
translocating Pah1 to the nuclear/ER membrane; the dephos-
phorylated form of Pah1, which is associated with the mem-
brane, is more active but prone to proteasomal degradation
unlike its phosphorylated form produced by Pho85–Pho80,
Cdc28 – cyclin B, and PKA (38 –41, 44, 45, 48). Based on our
current understanding, Fig. 1A depicts a model for the phos-
phorylation/dephosphorylation-mediated regulation of Pah1
localization for its PAP function in lipid synthesis.

In this communication, we further examined the complex
regulation of Pah1 by the CKI-mediated phosphorylation and
found that Pah1 is a bona fide substrate of CKI, a serine/threo-
nine protein kinase that plays roles in nutrient-mediated cell
morphogenesis, cytokinesis, secretion, and endocytosis (50 –
54). Of eight serine residues of Pah1 phosphorylated by CK1,
two residues (Ser-475 and Ser-511) were unique to the protein
kinase and the others were common targets of phosphorylation

by CKII, Pho85–Pho80, Cdc28 – cyclin B, PKA, and PKC (Fig.
1B). The CKI phosphorylation of Pah1 stimulates its PAP activ-
ity and affects its subsequent phosphorylation by CKII, Pho85–
Pho80, PKA, and PKC.

Results

Pah1 is a bona fide substrate of CKI

Pah1 is phosphorylated on at least 40 serine/threonine resi-
dues (Fig. 1B) (38, 55–65), but protein kinases that target the
sites are not all known. The proteome-wide analysis of protein
phosphorylation in vitro by Ptacek et al. (66) has indicated that
Pah1 is also a target of protein kinases other than those already

Figure1.ModelfortheregulationofPah1PAPbyphosphorylation,dephos-
phorylation, and proteasomal degradation, and domains/regions and
phosphorylation sites in Pah1. A, Pah1 is phosphorylated by multiple pro-
tein kinases. The phosphorylated Pah1 (small blue circles) is recruited to
the ER membrane through its association and dephosphorylation by the
Nem1–Spo7 protein phosphatase complex (45, 49). Dephosphorylated
Pah1 that is associated with the ER membrane via its amphipathic helix
(45) catalyzes the conversion of PA to DAG (1), which is then acylated to
form TAG. Dephosphorylated Pah1 or PKC-phosphorylated Pah1 that is
not phosphorylated at the seven target sites for the Pho85–Pho80 protein
kinase (42) is degraded by the 20S proteasome (indicated by the dashed
line arrows) (48). PA is also utilized for the synthesis of membrane phos-
pholipids via CDP–DAG (74, 107). When the CDP–DAG-dependent path-
way for phospholipid synthesis is blocked, phosphatidylcholine or
phosphatidylethanolamine may be synthesized from the DAG derived
from the PAP reaction if cells are supplemented with choline or ethanol-
amine via the Kennedy pathway (74, 107). B, diagram shows the positions
of the amphipathic helix (AH, pink) required for ER membrane interaction
(45), the N-LIP (green) and HAD-like (yellow) domains that are required for
PAP activity (18), the tryptophan (W) residue within the C-terminal con-
served sequence WRDPLVDID (orange) required for function in vivo (108),
and the acidic tail (AT, blue) required for interaction with the Nem1–Spo7
phosphatase complex (46). The serine (S) and threonine (T) residues
known to be phosphorylated (38, 55–59, 59 –65) are grouped at their
approximate regions in the protein. The sites phosphorylated by CKI (this
study), CKII (43), Cdc28 – cyclin B (39), Pho85–Pho80 (40), PKA (41), and
PKC (42) are indicated.

CKI regulates phosphorylation of Pah1 PA phosphatase
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known (Fig. 1B). Among the protein kinases are Yck1 and Yck2,
which are redundant yeast CKI isoforms (50, 51). Yck1 and
Yck2, which associate with the plasma membrane via palmitoy-
lation (67, 68), play redundant roles in cell physiology (50 –53).
In this work, we examined the phosphorylation of Pah1 by
Yck1, which is more active on the substrate than Yck2 (66). To
examine the CKI phosphorylation of Pah1, we utilized Yck1
purified from yeast and Pah1 purified from heterologous
expression in Escherichia coli. The rationale for using the
E. coli-expressed Pah1 was to examine its phosphorylation in
the absence of endogenous phosphorylation in yeast (38). The
affinity-purified Yck1 using a TAP tag was confirmed by immu-
noblotanalysiswithanti-proteinAantibody(Fig.2A).Thephos-

phorylation of Pah1 by Yck1 was monitored by following the
incorporation of the radioactive phosphate from [�-32P]ATP
into the substrate. In this analysis, the 32P-labeled Pah1 was
resolved from [�-32P]ATP by SDS-PAGE and then subjected to
phosphorimaging. As shown in Fig. 2B (right), the E. coli-ex-
pressed Pah1 was phosphorylated by Yck1. Phosphoamino acid
analysis of the 32P-labeled Pah1 showed that the protein is phos-
phorylated on serine (75%) and threonine (25%) residues with
serine being a major target site (Fig. 2C). Phosphopeptide map-
ping of the 32P-labeled Pah1 indicates that the protein is phos-
phorylated by the CKI enzyme on multiple residues (Fig. 2D).

Using Pah1 as substrate, the CKI activity depended on
reaction time and the amount of Yck1, indicating that the
protein kinase follows zero-order kinetics (Fig. 3, A and B).
Additionally, the CKI activity depended on the concentra-
tions of Pah1 and ATP (Fig. 3, C and D). The Vmax and Km

values for Pah1 are 16 fmol/min and 0.21 �M, respectively,
and for ATP, the Vmax and Km values are 5.2 fmol/min and 2.4 �M,
respectively. For both Pah1 (n � 1.8) and ATP (n � 2.7), the CKI
activity followed positive cooperative kinetics, suggesting that
the phosphorylation of one site enhances the phosphorylation
of another site (69). Overall, these enzymological properties
demonstrate that Pah1 is a bona fide substrate of Yck1 CKI.

Figure 2. Pah1 is phosphorylated by CKI on multiple residues. A, the IgG–
Sepharose-purified Yck1 preparation was subjected to immunoblot analysis
using anti-protein A antibody. The positions of Yck1 and molecular mass stan-
dards are indicated. The doublet shown for Yck1 on the immunoblot may
represent unphosphorylated and phosphorylated forms of the enzyme (59,
63, 65, 72). B, Pah1 (25 �g/ml) was incubated for 30 min at 30 °C in the pres-
ence (�) or absence (�) of 4 fmol/min Yck1 and 100 �M [�-32P]ATP (3,000
cpm/pmol). The reaction mixtures were resolved by SDS-PAGE and subjected
to phosphorimaging, followed by staining with Coomassie InstantBlue. The
amount of Yck1 is too low for detection by protein staining of the polyacryl-
amide gel. The positions of Pah1 and the molecular mass standards are indi-
cated. C, 32P-labeled Pah1 phosphorylated by CKI was incubated with 6 N HCl
for 3 h at 100 °C. The acid hydrolysate was mixed with standard phospho-
amino acids and resolved by two-dimensional electrophoresis on a cellulose
TLC plate, which was subjected to phosphorimaging and staining with nin-
hydrin. The positions of phosphoserine (p-Ser), phosphothreonine (p-Thr),
and phosphotyrosine (p-Tyr) as detected by ninhydrin staining are indicated.
The dashed ellipse designates the absence of phosphotyrosine. D, 32P-labeled
Pah1 phosphorylated by CKI was digested with TPCK-treated trypsin. The
phosphopeptides produced by the proteolytic digestion were separated on
cellulose TLC plates by electrophoresis (from left to right) in the first dimen-
sion and by chromatography (from bottom to top) in the second dimension;
the TLC plate was subjected to phosphorimaging. The most heavily phosphor-
ylated phosphopeptides are indicated by the white arrows. The data shown in
all panels are representative of three experiments.

Figure 3. Phosphorylation of Pah1 by CKI depends on the reaction time
and the amounts of CKI, Pah1, and ATP. Pah1 was incubated with Yck1 and
[�-32P]ATP at 30 °C. The phosphorylation of Pah1 was monitored by following
the incorporation of the radioactive phosphate into the protein. After the
reactions, the samples were subjected to SDS-PAGE to resolve the radioactive
substrate and product, and the phosphorylated Pah1 was analyzed by phos-
phorimaging. The CKI phosphorylation reaction was conducted by varying
the reaction time (A), the amount of Yck1 (B), and the concentrations of Pah1
(C) and ATP (D). A, B, and C, 100 �M ATP; B, C, and D, 30 min; A, B, and D, 25
�g/ml Pah1; A, C, and D, 5 fmol/min CKI. The data shown are means � S.D.
(error bars) from triplicate assays.

CKI regulates phosphorylation of Pah1 PA phosphatase
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Mutational analysis of Pah1 identifies sites of phosphorylation
by CKI

Sequence analysis of Pah1 using the NetPhosYeast (70) and
NetPhos 3.1 (71) algorithms predicts multiple serine/threonine
residues as target sites of phosphorylation by CKI. Of the puta-
tive sites of Pah1, 15 serine/threonine residues have been iden-
tified as being phosphorylated (Fig. 1B) (38, 41–43, 59, 72).
Accordingly, we focused on these sites and examined the effects
of their alanine substitutions on the phosphorylation of Pah1
(Fig. 4). Pah1 phosphorylation by CKI was significantly reduced
by alanine substitutions for Ser-114, Ser-475, Ser-511, Ser-602,
Ser-677, Ser-705, Ser-748, and Ser-774, indicating that the ser-
ine residues are the target sites of the protein kinase. The ala-
nine substitution for Ser-511 showed the strongest reduction
(90%), and those for Ser-475, Ser-748, and Ser-774 had the
effect of �50% reduction in the CKI-mediated phosphoryla-
tion. Of those serine residues, Ser-475 (38) and Ser-511 (59, 72)
are unique to CKI, whereas the others have also been identified
as target sites for phosphorylation by CKII (Ser-705 (43)),
Cdc28 – cyclin B (Ser-602 (39)), Pho85–Pho80 (Ser-114, Ser-
602, and Ser-748 (40)), PKA (Ser-677 and Ser-774 (41)), and
PKC (Ser-677 (42)). Although Pah1 is also phosphorylated by CKI
on the threonine residue (Fig. 2C), none of the threonine–to–
alanine mutations examined (i.e. T93A, T124A, T153A,
T157A, T170A, T176A, T221A, T234A, T315A, T353A,
T364A, T517A, T553A, T662A, T723A, T778A, and T816A)
had a significant effect on its phosphorylation. We rea-
soned that this might be because the extent of phosphoryla-
tion was much lower on the threonine residue than on the
serine residue. Accordingly, we examined the mutational
effect on the level of Pah1 phosphorylation on the threonine
residue by phosphoamino acid analysis. However, none of
the alanine substitutions for the threonine residues showed a
significant reduction in Pah1 phosphorylation on the threo-
nine residue.

Pah1 phosphorylation by CKI increases its catalytic efficiency
and relieves its cooperative dependence on PA

We questioned what effect the CKI phosphorylation of Pah1
has on its PAP activity. The CKI-mediated phosphorylation
stimulated the PAP activity in a dose-dependent manner (Fig.
5A). Compared with unphosphorylated Pah1, the CKI-phos-
phorylated one exhibited �2-fold higher activity at its maxi-
mum stimulation. To gain insight into a mechanism for the
stimulatory effect of the phosphorylation, we examined the
unphosphorylated and phosphorylated forms of Pah1 as to
their dependence of PAP activity on the surface concentration
of PA in the Triton X-100/PA mixed micelle (1, 73). As
expected (1), unphosphorylated Pah1 displayed positive coop-
erative kinetics (n � 2.7) with respect to PA (Fig. 5B). The phos-
phorylation by CKI relieved the cooperativity of the enzyme for
its substrate; the phosphorylation reduced the Hill number for
the reaction from 2.7 to 1.3. (Fig. 5B). Thus, the phosphorylated
enzyme is more active at lower concentrations of PA when

Figure 4. Phosphorylation site mutations reduce the phosphorylation
of Pah1 by CKI. WT and the indicated Pah1 phosphorylation site mutants
were expressed and purified from E. coli. The Pah1 mutant enzymes (25
�g/ml) were incubated for 30 min with 6 fmol/min CKI and 100 �M

[�-32P]ATP (3,000 cpm/pmol). Following the CKI phosphorylation reac-
tion, Pah1 was separated from labeled ATP by SDS-PAGE and subjected to
phosphorimaging and ImageQuant analyses. The amount of Pah1 used
for each reaction was determined by ImageQuant analysis of the Coomas-
sie Blue–stained SDS-polyacrylamide gel. The extent of phosphorylation
of the WT enzyme was set at 100%. The data reported are the average of
three independent experiments � S.D. (error bars). The individual data
points are also shown. *, p � 0.05 versus WT.

Figure 5. Phosphorylation of Pah1 by CKI stimulates PAP activity. Pah1
(10 �g/ml) was phosphorylated by CKI for 30 min with 100 �M ATP. After the
phosphorylation, the PAP activity was measured by following the release of Pi
from PA. The indicated amounts of CKI were used for the phosphorylation of
Pah1 in A, whereas 4 fmol/min of CKI was used for the phosphorylation in B
and C. PAP activity was measured with the indicated surface concentrations
(mol %) of PA in B, whereas 9 and 2.4 mol % PA, respectively, were used for the
measurement of PAP activity in A and C. The surface concentrations of PA
were obtained by maintaining the molar concentration of PA at 0.2 mM and
varying the molar concentration of Triton X-100 (73). The data shown are
means � S.D. (error bars) from triplicate assays. The individual data points are
also shown in C. *, p � 0.05 versus control. Control, unphosphorylated; CKI,
phosphorylated; S475A and S511A, CKI phosphorylation site mutations; 7A,
Pho85–Pho80 phosphorylation site mutations.

CKI regulates phosphorylation of Pah1 PA phosphatase
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compared with the unphosphorylated enzyme. The Vmax values
for the phosphorylated and unphosphorylated forms of Pah1
were 3.2 and 1.6 �mol/min/mg, respectively. The Km values for
PA of the phosphorylated (Km � 4.1 mol %) and unphosphor-
ylated (Km � 3.4 mol %) forms of Pah1 were not majorly
different.

The effect of the CKI-mediated phosphorylation on PAP
activity was also examined with Pah1 mutant enzymes with the
alanine substitutions for the unique CKI sites (Ser-475 and Ser-
511) and the seven sites phosphorylated by Pho85–Pho80 (Fig.
5C). These experiments showed that the stimulation of PAP
activity by CKI was not due to the phosphorylations at Ser-475,
Ser-511, or the sites common to CKI and Pho85–Pho80. In fact,
the phosphorylation of Pah1 with the S475A, S511A, and 7A
mutations resulted in a greater stimulation (3–3.5-fold) of PAP
activity when compared with the stimulation of activity caused
by the phosphorylation of WT Pah1 (Fig. 5C).

Interrelationship of Pah1 phosphorylation between CKI and
other protein kinases

We questioned whether the prephosphorylation of Pah1 by
CKI affects its subsequent phosphorylation by CKII, Pho85–
Pho80, PKA, and PKC. We did not examine the phosphoryla-
tion interrelationships with Cdc28 – cyclin B because its three
target sites are included in the seven sites phosphorylated by
Pho85–Pho80 (Fig. 1B). Unphosphorylated Pah1, which had
been prepared through heterologous expression in E. coli, was
first phosphorylated by CKI with nonradioactive ATP and then
phosphorylated by the other protein kinases with [�-32P]ATP.
Compared with a lack of prephosphorylation, the CKI-medi-
ated prephosphorylation resulted in a dose-dependent stimu-
lation of Pah1 phosphorylation by CKII (Fig. 6A). The prephos-
phorylation of Pah1 by 10 fmol/min CKI showed an 80-fold
increase in its phosphorylation by CKII. The major sites of Pah1
phosphorylated by CKII include Thr-170, Ser-313, Ser-705, and
Ser-818 (43). Pah-4A, which contains alanine substitutions for
the four residues, did not exhibit the CKI-mediated stimulation
of its phosphorylation by CKII (Fig. 5A), confirming that the
increased phosphorylation was mediated by CKII. The alanine
substitutions for Ser-475 and Ser-511, which are the CKI-spe-
cific target residues (Fig. 4), had major effects on phosphoryla-
tion by CKII (Fig. 6A). The S511A mutation reduced the CKI
stimulatory effect by 80%, whereas the S475A mutation elimi-
nated the stimulatory effect of prephosphorylation (Fig. 5A).
These data support the conclusion that the CKI phosphoryla-
tion of Pah1 at Ser-475 and Ser-511 primes the subsequent
phosphorylation by CKII. The CKI target sites of Pah1 that are
also phosphorylated by Pho85–Pho80, PKA, and PKC are not
expected to have a stimulatory effect on subsequent phosphor-
ylation by CKII because the common site of prephosphoryla-
tion by the other kinases does not exhibit the stimulatory effect
(43).

In contrast to the stimulatory effect, Pah1 prephosphoryla-
tion by CKI showed a great inhibitory effect on its phosphory-
lations by Pho85–Pho80 (95%), PKA (67%), and PKC (95%) (Fig.
6, B–D). The inhibitory effect of prephosphorylation on the
phosphorylation by Pho85–Pho80 could not be attributed to
the CKI-specific phosphorylation sites (i.e. Ser-475 and Ser-

511) because alanine substations for the serine residues did not
alleviate the inhibitory effect (Fig. 6B). The inhibitory effect of
theCKI-mediatedPah1phosphorylationonthesubsequentphos-
phorylation by Pho85–Pho80 might be explained by the fact
that the two protein kinases share common phosphorylation
sites (Fig. 1B). In addition, the amount of CKI needed to inhibit
the subsequent phosphorylation by Pho85–Pho80 was 10-fold
less than that needed to inhibit the subsequent phosphorylation
by PKA and PKC or to stimulate the CKII-mediated phosphor-
ylation. The CKI-mediated inhibition of Pah1 phosphorylation
by PKA and PKC could be attributed to the phosphorylation at
Ser-475 and Ser-511; the S475A and S511A mutations allevi-
ated the inhibition caused by CKI (Fig. 6, C and D).

Inreciprocalexperiments,weexaminedwhethertheprephos-
phorylation of Pah1 by CKII, Pho85–Pho80, PKA, and PKC
affects the subsequent phosphorylation by CKI. The prephos-
phorylation of Pah1 by Pho85–Pho80 caused a dose-dependent
inhibition (75%) of its phosphorylation by CKI (Fig. 7B). How-
ever, the prephosphorylation of Pah1 by the other protein
kinases had no or little effect on the subsequent phosphoryla-

Figure 6. Prephosphorylation of Pah1 by CKI affects subsequent phos-
phorylations by CKII, Pho85–Pho80, PKA, and PKC. Unphosphorylated
Pah1 (10 �g/ml) was prephosphorylated by the indicated amounts of CKI for
2 h with 100 �M ATP. The prephosphorylated Pah1 was then phosphorylated
by 10 nmol/min CKII (A), 0.4 pmol/min Pho85–Pho80 (B), 4 pmol/min PKA (C),
or 12 nmol/min PKC (D) with [�-32P]ATP (3,000 cpm/pmol) for 2 h. The 32P-
labeled Pah1 was separated from labeled ATP by SDS-PAGE and subjected to
phosphorimaging and ImageQuant analysis. The amount of the phosphory-
lated Pah1 that was not subjected to prephosphorylation by CKI was set at
100%. The data reported are the results of two independent experiments, and
the line drawn represents the average of the two experiments. S475A (gray
circle) and S511A (white circle), CKI phosphorylation site mutations; 4A (black
circle), and CKII phosphorylation site mutations.

CKI regulates phosphorylation of Pah1 PA phosphatase
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tion of Pah1 by CKI (Fig. 7, A, C, and D). As discussed above,
CKI and Pho85–Pho80 share common target sites (Fig. 1B), and
thus the inhibitory effect of Pho85–Pho80 on the CKI activity
was considered to be caused by a reduction in available target
residues. To test this possibility, we analyzed the CKI phosphor-
ylation of Pah1-7A, which has alanine substitutions for the
seven target sites of Pho85–Pho80 (40). The 7A mutations
reduced (40%) the inhibitory effect of the prephosphorylation
by Pho85–Pho80 (Fig. 7B). Thus, the inhibition of the CKI-
mediated phosphorylation is due to the phosphorylation by
Pho85–Pho80 of sites common to both protein kinases. How-
ever, the data also indicate that phosphorylation by Pho85–
Pho80 at sites that are not common to CKI affect the phosphor-
ylation by CKI.

Pah1 phosphorylation by CKI is inhibited by a peptide
containing Ser-511

Based on the highest reduction (90%) of Pah1 phosphoryla-
tion caused by the S511A mutation, Ser-511 was considered a
major site of phosphorylation by CKI (Fig. 4). A peptide con-
sisting of the Pah1 residues 506 –517 was synthesized and
examined as a substrate for CKI. In this analysis, the Pah1 pep-

tide was phosphorylated by CKI with [�-32P]ATP and captured
on P81 phosphocellulose for radioactivity measurement by
scintillation counting. The peptide served as a substrate of CKI,
but the peptide phosphorylation was abolished by alanine sub-
stitution for Ser-511 (Fig. 8A). This result confirmed that Ser-
511 of the peptide is the site of phosphorylation. Next, we ques-
tioned whether the peptide as a substrate competes with the
full-length Pah1 for phosphorylation by CKI. The mixture of
Pah1 and its peptide was phosphorylated by CKI with
[�-32P]ATP, and the phosphorylated Pah1 was resolved by
SDS-PAGE and analyzed by phosphorimaging. The CKI phos-
phorylation of Pah1 was inhibited by its peptide (IC50 � 80 �M)
in a dose-dependent manner (Fig. 8B). In contrast to the reduc-
tion of Pah1 phosphorylation, the peptide phosphorylation was
reciprocally increased. These results indicate that the peptide is
a competitive inhibitor of Pah1 phosphorylation by CKI (Fig.
8B). The Vmax and Km values for the Pah1 peptide were calcu-
lated to be 49 pmol/min/ml and 104 �M, respectively.

Figure 7. Effects of prephosphorylation of Pah1 by CKII, Pho85–Pho80,
PKA, and PKC on subsequent phosphorylation by CKI. Unphosphorylated
Pah1 (10 �g/ml) was prephosphorylated by the indicated amounts of CKII
(A), Pho85–Pho80 (B), PKA (C), or PKC (D) for 2 h with 100 �M ATP. The prephos-
phorylated Pah1 was then phosphorylated by 6 fmol/min CKI with [�-32P]ATP
for 2 h. The 32P-labeled Pah1 was separated from labeled ATP by SDS-PAGE
and subjected to phosphorimaging and ImageQuant analysis. The amount of
the phosphorylated Pah1 that was not subjected to prephosphorylation by
CKII, Pho85–Pho80, PKA, or PKC was set at 100%. The data reported are the
result of two independent experiments, and the line drawn represents the
average of the two experiments. 7A (black circle), and Pho85–Pho80 phos-
phorylation site mutations.

Figure 8. CKI phosphorylates the Pah1 synthetic peptide containing Ser-
511; the synthetic peptide inhibits the phosphorylation of Pah1 by CKI.
A, CKI activity was measured for 30 min with 100 �M of the indicated Pah1
synthetic peptides with 100 �M [�-32P]ATP (5,000 cpm/pmol). The enzyme
reaction was terminated by spotting the mixture onto P81 phosphocellulose
paper, which was then washed with 75 mM phosphoric acid and subjected to
scintillation counting. The numbers at the beginning and end of the peptides
represent the positions in the full-length sequence of Pah1. The underlined
residue within the peptide designates the serine–to–alanine substitution at
position 511 in the sequence. The individual data points are also shown. B,
Pah1 (1.25 �g/ml) was incubated for 30 min with 5 fmol/min CKI and 100 �M

[�-32P]ATP (5,000 cpm/pmol) in the absence and presence of the indicated
concentrations of the WT Pah1 synthetic peptide. Following the CKI phos-
phorylation reaction, half of the sample was analyzed for the phosphorylation
of Pah1 (left), and the other half was analyzed for the phosphorylation of the
Pah1 peptide (right). Pah1 was separated from labeled ATP by SDS-PAGE and
subjected to phosphorimaging and ImageQuant analysis. The extent of phos-
phorylation of the WT enzyme was set at 100%. The positions of Pah1 and the
molecular mass standards are indicated. The phosphorylation of the Pah1
peptide was analyzed as described above. The data are the averages of three
experiments � S.D. (error bars). *, p � 0.05 versus WT. The phosphorimage
shown in B (left) is representative of three experiments.
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Discussion

Regulation of PAP activity is important for the control of
lipid synthesis in eukaryotic organisms, including yeast (5, 37).
The enzyme, which may govern whether cells utilize PA for the
synthesis of the neutral lipid TAG or membrane phospholipids,
is regulated on a biochemical level by the posttranslational
modification of phosphorylation/dephosphorylation (3–6, 8,
74). The regulation of Pah1 by phosphorylation is complex; 40
phosphorylation sites have been identified, but only half of the
sites can be ascribed to a specific protein kinase (Fig. 1B). Some
Pah1 phosphorylation sites are common to multiple protein
kinases (Fig. 1B), indicating that different signaling networks
overlap to control the PAP function. This study focused on
Pah1 phosphorylation by CKI, a constitutively active serine/
threonine protein kinase that plays a key role in nutrient-medi-
ated cell morphogenesis, cytokinesis, secretion, and endocyto-
sis (50 –54). The work here indicates that CKI also plays a role
in lipid synthesis through the phosphorylation of Pah1. The
enzymological studies demonstrated that Pah1 is a bona fide
substrate of CKI; the phosphorylation reaction depended on
time and the amounts of CKI, ATP, and Pah1. The Km value for
Pah1 was essentially the same as that of CKII, Cdc28 – cyclin B,
and Pho85–Pho80 but was lower (2–3.5-fold) that that of PKA
and PKC (Table 1). The Km value for ATP of the CKI reaction
was lower (1.5–2.4-fold) than that of the other protein kinases
known to phosphorylate Pah1 (Table 1). The stoichiometry of
the CKI-mediated phosphorylation was 2.8 mol of phosphate/
mol of Pah1, a value lower than that for the phosphorylation by
Pho85–Pho80, but greater than that for the phosphorylation by
other protein kinases (Table 1).

The CKI phosphorylation of Pah1 had two major effects.
First, Pah1 phosphorylated by the protein kinase was catalyti-
cally more active than the unphosphorylated form. The enzyme
stimulation is shown to occur by a mechanism that increases
the Vmax but reduces the positive cooperativity of the enzyme
for PA. CKI is the first protein kinase that exhibits a stimulatory
effect on the catalytic function of Pah1; other protein kinases
(e.g. Pho85–Pho80 and PKA) inhibit its PAP activity (40, 41).
Second, the CKI phosphorylation of Pah1 stimulated its phos-
phorylation by CKII but inhibited its phosphorylation by
Pho85–Pho80, PKA, and PKC. The interrelationships of the
phosphorylations are summarized in Fig. 9. The phosphoryla-
tion analysis of mutant Pah1 enzymes containing alanine sub-
stitutions for putative target serine residues led to the identifi-
cation of eight CKI target sites with the major sites (based on
�50% reduction in phosphorylation) being Ser-475, Ser-511,

Ser-602, Ser-748, and Ser-774 (Fig. 4). The threonine residue(s)
that is phosphorylated by CKI was not identified.

Six of the CKI sites are phosphorylated by other protein
kinases. Being a constitutively-active protein kinase, CKI has
the potential to phosphorylate a site(s) when another protein
kinase is not active. For example, Pho85–Pho80 and PKA are
most active during logarithmic growth when phospholipid syn-
thesis is favored over TAG synthesis (75). Thus, at any point
during the life cycle, lipid synthesis might be regulated via the
CKI-mediated phosphorylation of Pah1 at a site(s) that is phos-
phorylated by another protein kinase that may not be active.
This notion, however, has yet to be established in vivo.

Two serine residues (Ser-475 and Ser-511) of Pah1, which are
located within the HAD-like domain (Fig. 1B), were identified
as CKI-specific phosphorylation sites. The phosphorylation of
these sites was shown to play roles in the subsequent phosphor-
ylations by other protein kinases. On the one hand, the CKI
phosphorylation of Ser-475 and Ser-511 was required for the
stimulation of Pah1 phosphorylation by CKII. Previous work
showed that the CKII phosphorylation of Pah1 stimulates the
synthesis of TAG and lipid droplet formation, but only when it
is not phosphorylated at the seven sites by Pho85–Pho80 (43).
Thus, the CKI-mediated phosphorylation of Ser-475 and Ser-
511 would be expected to have a positive impact on Pah1 func-
tion as mediated by CKII. On the other hand, the phosphoryla-
tion of Ser-475 and Ser-511 was required for the CKI-mediated
inhibition of the phosphorylation by PKA and PKC. PKA works
in conjunction with Pho85–Pho80 to attenuate Pah1 interac-
tion with the ER membrane and inhibit PAP activity but at the
same time to stabilize the enzyme to proteasomal degradation
(41, 48). PKC facilitates the proteasomal degradation of Pah1,
but only when the seven Pho85–Pho80 sites are not phosphor-
ylated (42, 48). Accordingly, the phosphorylation of Ser-475
and Ser-511 might be expected to sustain the PKA- and PKC-
mediated regulations of Pah1. The phosphorylation of Pah1 by
CKI inhibited the subsequent phosphorylation by Pho85–
Pho80, but the phosphorylation of Ser-475 and Ser-511 was not
involved.

The phosphorylation of Ser-475 and Ser-511 was not
involved in the stimulatory effect of CKI on PAP activity. In fact,
the S475A and S511A mutations enhanced the stimulation of
PAP by the CKI-mediated phosphorylation, suggesting that the

Table 1
Kinetic properties of protein kinases that phosphorylate Pah1

Protein kinase
Pah1
Km

ATP
Km Stoichiometry Refs.

�M �M mol phosphate/
mol Pah1

CKI 0.21 2.4 2.8 This study
CKII 0.23 5.5 2.0 43
Cdc28–cyclin B 0.21 5.8 0.8 39
Pho85–Pho80 0.25 3.7 4.0 40
PKA 0.44 4.4 1.0 41
PKC 0.75 4.5 0.8 42

Figure 9. Interrelationships between the phosphorylation of Pah1 by CKI
and phosphorylations by other protein kinases. Pah1 is phosphorylated
by CKI, CKII, Pho85–Pho80, PKA, and PKC (solid black arrow). The CKI phos-
phorylation of Pah1 stimulates its subsequent phosphorylation by CKII
(dashed green arrow) but inhibits its subsequent phosphorylations by Pho85–
Pho80, PKA, and PKC (dashed blunted red line). The Pho85–Pho80 phosphor-
ylation of Pah1 inhibits its subsequent phosphorylation by CKI (dashed
blunted red line). Phosphorylated Pah1 is indicated by the small blue circles.
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phosphorylation of these sites inhibits the phosphorylation of
another site(s) that must be responsible for the stimulation of
activity. The phosphorylation of Pah1 by Pho85–Pho80 inhibits
PAP activity, and the 7A mutation augmented the stimulatory
effect CKI has on PAP activity. Clearly, the stimulation of the
PAP activity by CKI is complex. The PAP activity stimulation
observed with WT Pah1 is masked by inhibitory effects caused
by the phosphorylation of some sites. Additional studies are
needed to identify the phosphorylatable residue(s) responsible
for the CKI-mediated stimulation of PAP activity.

The protein kinases (e.g. CKII, Pho85–Pho80, Cdc28 – cyclin
B, PKA, and PKC) previously known to phosphorylate Pah1 are
associated with the soluble fraction (e.g. cytosol) of the cell (76).
Accordingly, we presume that the phosphorylation of Pah1 by
most protein kinases occurs in cytosol as depicted in Fig. 1A.
However, the Yck1/2 isoforms of CKI associate with the plasma
membrane through the posttranslational modification of
palmitoylation (68), and their association with this membrane
is required for their known physiological functions (77).
Whether a soluble unmodified form of CKI phosphorylates
Pah1 in the cytosol is unknown. Contact sites between the ER
membrane and plasma membrane exist (78), and so CKI asso-
ciated with the plasma membrane could phosphorylate Pah1
associated with the ER membrane. Additional studies are war-
ranted to address this important question.

Like yeast Pah1, the mammalian lipin PAP enzymes are sub-
ject to regulation by phosphorylation at multiple serine/threo-
nine residues (e.g. 44 sites in lipin 1�) (7, 79 –84). Yet, only
about 10% of the sites can be attributed to a specific protein
kinase and signaling network (79, 80, 85, 86). It is known, how-
ever, that mouse lipin 1 is phosphorylated by mTORC1 (79, 80),
CKI (86) and CKII (7). For example, stimulation by insulin is
followed by the phosphorylation of lipin 1� by mTORC1 (79,
80, 85), whereas the phosphorylation by CKI causes lipin 1� to
interact with the SCF�-TRCP E3 ubiquitin ligase complex for its
ubiquitination and degradation (86). In the case of lipin 1, the
phosphorylation by CKI requires its prephosphorylation by
mTORC1 (86). The phosphorylation of lipin 1 by CKII facili-
tates its interaction with 14-3-3 proteins for enzyme inactiva-
tion by retention in the cytoplasm apart from its substrate PA
(7).

The lack of PAP activity in yeast, as well as in human, leads to
aberrant lipid metabolism and cell physiology (5, 37). Too much
PAP activity is also detrimental (e.g. obesity in the mouse
model) (35). Thus, understanding the phosphorylation of PAP
enzymes may lead to the identification of effector molecules to
fine-tune activity and/or the enzyme cellular location. Peptide-
based protein kinase inhibitors are attractive because they may
block phosphorylation or disrupt protein–protein interactions
(87, 88). Most peptide inhibitors of protein kinases are based on
the consensus phosphorylation motif (87, 88). However, those
inhibitors have a drawback of not having specificity for a par-
ticular substrate target of phosphorylation. A peptide sequence
unique to a specific target like PAP would provide specificity
without off-target side effects. The Pah1 peptide LYFEDSD-
NEVDT, which contains the major phosphorylation site Ser-
511, inhibited the phosphorylation of Pah1 by CKI. This
sequence is specific to Pah1; it does not align with any other

proteins in the yeast database. The mechanism of inhibition
was competitive with an IC50 value (80 �M) similar to the Km
value (104 �M) for the peptide as a CKI substrate. Understand-
ably, an effective inhibitor should work in the nanomolar range,
and thus, the peptide tested in this work would not be useful.
Yet, the data provide an initial proof– of– concept. Moreover,
strategies (peptide cyclization and modification of backbone
structure) are available that could enhance the inhibitory activ-
ity and effectiveness in vivo of the peptide (89). Studies with the
Ser-511– containing peptide, as well as peptides that target
other protein kinase target sites in Pah1, will be the subject of
future work.

In summary, this work advances the understanding of the
complex regulation of Pah1 PAP by phosphorylation. The CKI-
mediated phosphorylation of Pah1 stimulates the PAP activity
and regulates subsequent phosphorylations by CKII, Pho85–
Pho80, Cdc28 – cyclin B, PKA, and PKC. This study not only
advances our knowledge of the multisite phosphorylations of
Pah1, it also sheds new light on the CKI-mediated regulation of
cellular processes.

Experimental procedures

Reagents

All chemicals used were reagent grade or better. Avanti Polar
Lipids was the source of all lipids. Coomassie Blue R-250, DNA
size ladders, molecular mass protein standards, and reagents
for electrophoresis and immunoblotting were from Bio-Rad.
Cayman Chemical was the source of leupeptin and pepstatin.
Difco Laboratories was the supplier of all growth media. The
InstantBlue protein stain was purchased from Expedeon. The
Pah1 peptide was synthesized by EZBiolab. GE Healthcare was
the source of IgG-Sepharose, Q-Sepharose, PVDF membrane,
and the enhanced chemifluorescence Western blotting detec-
tion kit. MilliporeSigma was the source of ATP, L-1-tosyl-
amido-2-phenylethyl chloromethyl ketone (TPCK)–trypsin,
protease, and phosphatase inhibitors, phosphoamino acid stan-
dards, Triton X-100, Ponceau S stain, BSA, rabbit anti-protein
A antibody (product no. P3775, lot no. 053M4806V), and cel-
lulose and Silica Gel 60 TLC plates. Scintillation counting sup-
plies and radiochemicals, respectively, were purchased from
National Diagnostics and PerkinElmer Life Sciences. New Eng-
land Biolabs was the source of enzyme reagents for DNA
manipulations and human CKII. Promega was the source of
bovine heart PKA catalytic subunit and rat brain PKC. Plasmid
DNA purification kit and nickel-nitrilotriacetic acid–agarose
resin were from Qiagen. The S. cerevisiae strain that expresses
TAP-tagged Yck1 and the alkaline phosphatase-conjugated
goat anti-rabbit IgG antibody (product no. 31340, lot no.
NJ178812) were purchased from Thermo Fisher Scientific.
Whatman supplied the P81 phosphocellulose paper.

Strains, plasmids, and growth conditions

The strains and plasmids used in this study are listed in
Tables 2 and 3, respectively. E. coli strain DH5� was used for
the propagation of plasmids. E. coli strains BL21(DE3)pLysS
and BL21(DE3) were used for the induced expressions of Pah1
and Pho85–Pho80, respectively. Plasmid pGH313 directs the
expression of His6-tagged Pah1 (1), and plasmids EB1164 and
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EB1076 direct the expressions of His6-tagged Pho85 and Pho80,
respectively (90). The derivatives of pGH313 that contain
threonine–to–alanine mutations were constructed by the
QuikChange site-directed mutagenesis with appropriate tem-
plates and primers as described by Choi et al. (39). All muta-
tions were confirmed by DNA sequencing. The isolation of
plasmid DNA and its transformation into E. coli were per-
formed by standard methods (91, 92). The bacterial cells were
grown at 37 °C in lysogeny broth medium (1% tryptone, 0.5%
yeast extract, 1% NaCl, pH 7.0). The growth medium was sup-
plemented with ampicillin (100 �g/ml) and chloramphenicol
(34 �g/ml) to select for cells carrying plasmids for the expres-
sion of proteins (93). The expression of proteins in E. coli cells
was induced at 30 °C with 1 mM isopropyl �-D-1-thiogalactopy-
ranoside. S. cerevisiae cells expressing TAP-tagged Yck1 were
grown at 30 °C in YEPD medium (1% yeast extract, 2% peptone,
and 2% glucose) (94). Cell numbers in liquid cultures were esti-
mated by measuring absorbance at 600 nm.

Enzyme preparations

All steps were performed at 4 °C. E. coli-expressed His6-
tagged WT and mutant forms of yeast Pah1 (1) and His6-tagged
Pho85–Pho80 protein kinase complex (90) were purified from
bacterial cell extracts by affinity chromatography with nickel-
nitrilotriacetic acid–agarose. The protein content of the
enzyme preparations was estimated by the method of Bradford
(95) using BSA as a standard. SDS-PAGE (96) analysis indicated
that the Pah1 and Pho85–Pho80 preparations were highly puri-
fied. The TAP-tagged version of Yck1 was partially purified
from the Triton X-100 –solubilized extract (97) by affinity
chromatography with IgG-Sepharose (98, 99). The cleavage
with tobacco etch virus protease (98, 99) was omitted in the
IgG-Sepharose chromatography step to retain the protein A tag
on Yck1. Accordingly, the Yck1–TAP was eluted from the col-
umn with 50 mM glycine (pH 3.0) containing 0.1% Triton X-100
followed by the neutralization of the fractions by mixing with

Table 2
Strains used in this study

Strain Genotype or relevant characteristics Source or Refs.

E. coli
DH5� F� �80dlacZ	
15	 (lacZYA-argF)U169 deoR recA1 endA1 hsdR17 (rk

�

mk
�) phoA supE44 ��thi-1 gyrA96 relA1

91

BL21(DE3)pLysS F� ompT hsdSB (rB
�mB

�) gal dcm (DE3) pLysS Novagen
BL21(DE3) F� ompT hsdSB (rB

�mB
�) gal dcm (DE3) Invitrogen

S. cerevisiae
BY4741–YCK1–TAP TAP-tagged Yck1 expressed in strain BY4741 Thermo Fisher Scientific

Table 3
Plasmids used in this study

Plasmid Genotype or relevant characteristics
Source or

Ref.

pET-15b E. coli expression vector with N-terminal His6-tag fusion Novagen
pGH313 PAH1 coding sequence inserted into pET-15b 1
pGH313(S10A) PAH1 (S10A) derivative of pGH313 41
pGH313(T93A) PAH1 (T93A) derivative of pGH313 This study
pGH313(S114A) PAH1 (S114A) derivative of pGH313 39
pGH313(T124A) PAH1 (T124A) derivative of pGH313 This study
pGH313(T153A) PAH1 (T153A) derivative of pGH313 This study
pGH313(T157A) PAH1 (T157A) derivative of pGH313 This study
pGH313(S168A) PAH1 (S168A) derivative of pGH313 39
pGH313(T170A) PAH1 (T170A) derivative of pGH313 43
pGH313(T176A) PAH1 (T176A) derivative of pGH313 43
pGH313(T221A) PAH1 (T221A) derivative of pGH313 This study
pGH313(T234A) PAH1 (T234A) derivative of pGH313 This study
pGH313(S313A) PAH1 (S313A) derivative of pGH313 43
pGH313(T315A) PAH1 (T315A) derivative of pGH313 43
pGH313(T353A) PAH1 (T353A) derivative of pGH313 This study
pGH313(T364A) PAH1 (T364A) derivative of pGH313 43
pGH313(S475A) PAH1 (S475A) derivative of pGH313 43
pGH313(S511A) PAH1 (S511A) derivative of pGH313 43
pGH313(T517A) PAH1 (T517A) derivative of pGH313 43
pGH313(T553A) PAH1 (T553A) derivative of pGH313 43
pGH313(S602A) PAH1 (S602A) derivative of pGH313 39
pGH313(T662A) PAH1 (T662A) derivative of pGH313 This study
pGH313(S677A) PAH1 (S677A) derivative of pGH313 41
pGH313(S705A) PAH1 (S705A) derivative of pGH313 43
pGH313(T723A) PAH1 (T723A) derivative of pGH313 39
pGH313(S748A) PAH1 (S748A) derivative of pGH313 39
pGH313(S769A) PAH1 (S769A) derivative of pGH313 42
pGH313(S773A) PAH1 (S773A) derivative of pGH313 41
pGH313(S774A) PAH1 (S774A) derivative of pGH313 41
pGH313(T778A) PAH1 (T778A) derivative of pGH313 This study
pGH313(T816A) PAH1 (T816A) derivative of pGH313 This study
pGH313(4A) (CKII sites) PAH1 (T170A/S313A/S705A/S818A) derivative of pGH313 43
pGH313(7A) (Pho85-Pho80 sites) PAH1 (S110A/S114A/S168A/S602A/T723A/S744A/S748A) derivative of pGH313 40
EB1164 PHO85-His6 derivative of pQE-60 90
EB1076 PHO80 derivative of pSBETA 90
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0.2 volume of 1 M Tris-HCl (pH 8.0). The isolation of Yck1 was
confirmed by immunoblotting with the anti-protein A antibody
(Fig. 2A).

Protein kinase assays

Protein kinase activity was measured at 30 °C by following
the incorporation of radiolabeled phosphate from [�-32P]ATP
into Pah1 in a total volume of 20 �l (39). The phosphorylation
reactions were terminated by the addition of 6.7 �l of 4� Laem-
mli sample buffer (96). Phosphorylated Pah1 was resolved from
labeled ATP by SDS-PAGE (96) and visualized by phosphorim-
aging. The extent of phosphorylation was quantified by
ImageQuant software. For the phosphorylation of Pah1 pep-
tide, the reaction was terminated by spotting the reaction mix-
ture onto a P81 phosphocellulose paper, followed by phos-
phoric acid washing and scintillation counting. The reaction
mixture for the protein kinase reactions contained 50 mM Tris-
HCl (pH 7.5), 10 mM MgCl2, 100 �M [�-32P]ATP (�3,000 cpm/
pmol), 40 �g/ml Pah1, 2 mM DTT, and the indicated amounts
of the protein kinase. The reaction mixture for PKC also con-
tained 1.7 mM CaCl2, 500 �M phosphatidylserine, and 156 �M

DAG. The units of CKI, CKII, Pho85–Pho80, PKA, and PKC
were defined as femtomoles/min, nanomoles/min, picomoles/
min, picomoles/min, and nanomoles/min, respectively.

Phosphoamino acid analysis and phosphopeptide mapping

The 32P-labeled Pah1 transferred to PVDF membrane was
hydrolyzed with 6 N HCl at 100 °C for phosphoamino acid anal-
ysis and digested with TPCK-trypsin for phosphopeptide map-
ping (100 –102). The acid hydrolysates were mixed with stan-
dard phosphoamino acids and separated by two-dimensional
electrophoresis on the cellulose plates. The tryptic digests were
separated on the cellulose plates first by electrophoresis and
then by TLC (100 –102). Radioactive phosphoamino acids and
phosphopeptides were visualized by phosphorimaging analysis.
Nonradioactive phosphoamino acid standards were visualized
by ninhydrin staining.

Immunoblotting

Proteins were separated by SDS-PAGE (96) using 8% slab
gels. Immunoblotting with PVDF membrane was performed as
described previously (103–105). Protein transfer from SDS-
polyacrylamide gels to PVDF membranes was monitored by
Ponceau S staining. Rabbit anti-protein A or rabbit anti-Pah1
(39) was used at a final concentration of 2 �g/ml. The secondary
goat anti-rabbit IgG antibodies conjugated with alkaline phos-
phatase were used at a dilution of 1:5,000. Immune complexes
were detected using the enhanced chemifluorescence immuno-
blotting substrate. Fluorimaging was used to acquire fluores-
cence signals from immunoblots, and the intensities of the
images were analyzed by ImageQuant software. A standard
curve was used to ensure that the immunoblot signals were in
the linear range of detection.

PAP assay

PAP activity was measured by following the release of water-
soluble Pi from chloroform-soluble PA using the Triton X-100/
PA-mixed micellar assay as described by Han and Carman (23).

The reaction mixture contained 50 mM Tris-HCl (pH 7.5), 1 mM

MgCl2, 0.2 mM PA, 2 mM Triton X-100, and Pah1 protein in a
total volume of 100 �l. Water-soluble Pi was measured with the
malachite green–molybdate reagent at A650 nm (23, 106).
Enzyme assays were conducted in triplicate, and the average
standard deviation of the assays was �5%. The enzyme reac-
tions were linear with time and protein concentration. Protein
concentration was estimated by the Coomassie Blue-based
assay of Bradford (95) using BSA as standard. A unit of PAP
activity was defined as micromoles/min.

Data analysis

Microsoft Excel software was used for the statistical analysis
of data. The p values �0.05 were taken as a significant differ-
ence. The enzyme kinetics module of SigmaPlot software was
used to analyze kinetic data according to Michaelis-Menten
and Hill equations.
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